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development were studied in four cotton cultivars. In Experiment I, seedling emergence
rate and shoot and root morphological growth traits were measured on plants grown at
five day/night temperatures from 20/12 to 40/32 °C. In Experiment II, multiple stress
factors (CO2, temperature, UV-B radiation) and their interactions were evaluated during
the seedling growth stage. Seed emergence and above- and below-ground growth and
developmental traits were recorded in both experiments. Linear (TM-1 and
PHY496W3R) and quadratic (DP1522B2XF and ST47447) functions best described seed
emergence rate with an increase in temperature. Similar responses were also observed for
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moderately tolerant, and TM-1 as the least tolerant cultivar to multiple environmental
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CHAPTER I
GENERAL INTRODUCTION

Cotton Origin and Domestication
Cotton is a C3 crop grown in over 76 countries globally covering more than 32
million ha Saranga et al., 2001; Bange et al., 2016) and is one of the most important fiber
and oil seed crops. Cotton is grown in vast spatial variation and temporal locations
across the globe. Temperature and other weather conditions vary spatially and
temporally across the cotton growing areas and seasons. Merchants from Arabian
countries brought cloth made from cotton to Europe around 800 A.D. Cotton was
generally known throughout the world by 1500. The first cotton seeds planted in the
United States was in Florida in 1556. Cotton’s importance greatly increased with the
invention of the cotton gin. (National Cotton Council) Cotton (Gossypium hirsutum L.) in
the US began increasing in production in the mid to late 1700s. Cotton production in the
U.S. decreased during the Civil War period, but increased after the war. Cotton genotypes
today typically produce more yield in a shorter time frame than older genotypes from the
early 1970’s (Bridge and McDonald 1987).
There are four cotton species in the genus Gossypium that was domesticated for
its fiber. These four species are: Gossypium arboretum, Gossypium barbadense,
Gossypium herbaceum, and Gossypium hirsutum. There is uncertainty of the original
uses of cotton, but they were eventually cultivated for their fiber for textiles. Today, fiber
1

is still cultivated as the world’s most important fiber crop and the seeds are used for seed
oil. Gossypium hirsutum currently provides over 90% of the world’s annual cotton crop.
Cotton is grown as far north as the U.S. and as far south as Australia and South America.
The old world cotton species Gossypium arboreum and Gossypium heraceum are
shrubs or subshrubs less than 2 m tall with palmately lobed leaves. Gossypium arboreum
is found mostly in Asia with limited occurrence in southern Arabia and northern and
eastern costal Africa. Gossypium heraceum is distributed mostly in Africa and Arabia,
but also extends to the Levant, western and northern India, and Iraq (Smith and Cothren
1999). The new world cotton species Gossypium barbadense and Gossypium hirsutum
are robust shrubs with aborescent tendencies. Gossypium barbadense is found primarily
in South America and the Caribbean while Gossypium hirsutum is found in Mesoamerica,
the Caribbean, northern South America, and some Pacific Islands (Smith and Cothren
1999).
The United States leads the world in cotton exports and ranks third in worldwide
production of cotton behind India and China. The United States produced over 12.8
million bales of cotton in 2015 (NCC). Cotton is listed as a basic resource for thousands
of industrial and consumer products manufactured in the U.S. and worldwide. Cotton
continues to grow in importance in the food and fiber industry. Cotton is grown on over
10 million acres in the U.S. from Virginia to California. The cotton industry is a vital
input into the U.S. economy leading to over $5.6 billion in purchased fertilizer,
chemicals, seed, equipment, fuel, and other inputs (NCC).

2

Temperature Effects on Cotton Growth and Development
Several studies have taken place to identify the temperature effects on cotton
growth characteristics. Low temperature is a factor that limits agricultural production of
cotton world-wide. Cardinal temperatures for cotton growth and development are
reported as being in the range of 12 to 15°C for minimum temperature, and 20 to 30°C as
optimum temperature (Reddy et al, 1991). Multiple aspects of cotton growth and
development (Krieg, 2002; Reddy et al., 1992b), biomass (Haigler et al., 1991),
reproductive potential, lint yield and quality (Reddy et al., 1999) as it is affected by
temperature has been studied. There has been little information reported on low
temperature effects on early season cotton seedling emergence and development. Also,
most studies of cotton growth and development have focused on either single or two
stress factors, and have given little attention to aspects of cotton root morphology and
early seedling vigor. Reddy et al. (1992) found the number of vegetative branches per
plant was higher on plants grown at 20/12 °C day/night temperatures possibly due to
accumulation of reserve metabolites which allowed more vegetative branches to develop.
Cotton is grown in the summer, but extreme high temperature has a negative effect on
growth and reproduction. Oosterhuis (1997) found a negative correlation between yield
and temperatures in August in the Mid-South where temperatures are always at or above
32 °C. High temperatures reduces carbohydrate productions which ultimately increases
boll shedding, deformed bolls, and smaller bolls which leads to lower overall yields
(Oosterhuis 1999).
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UV-B Effects on Cotton Growth and Development
With the thinning of the ozone layer due to carbon emissions, more and more
harmful UV-B radiation is able to reach the earth’s surface. Studies have shown that UVB radiation is readily absorbed by biomolecules such as amino acids, polypeptides, and
nucleic acids. Cotton grown in the US Cotton Belt is exposed to UV-B radiation of 2 to
11 kJ m−2 day−1 during the summer (Gao et al., 2010). Predictions are that current levels
of UV-B radiation will increase by another 2-3 kJ m−2 d−1 due to the emissions of longlived greenhouse gasses, as well as human activities (WMO, 2011). According to
National Climatic Data Center (NOAA), the average global temperature on earth has
increased by about 1.4 °F since 1880 (NOAA, 2014). Cotton exposed to elevated levels
of UV-B radiation showed a significant reduction in plant growth (Sullivan and
Teramura, 1989). Kakani et al. (2003) found that cotton exposed to high levels of UV-B
radiation resulted in the reduction of plant height, internode lengths, branch lengths,
individual leaf sizes, and canopy leaf area. UV-B radiation also has an interaction with
the metabolism of some plant growth regulators and can alter plant growth (Curry et al.,
1956).
CO2 Effects on Cotton Growth and Development
An increase in [CO2] levels is considered to have a positive effect on C3 crops
like cotton due to increased photosynthesis and vegetative growth (Reddy et al., 1992,
1995). Current ambient [CO2] level of about 400 µmol mol-1 (Dlugokencky and Tans
2015) is projected to further increase within the next century and could be in the range of
540 to 1020 sometime in the 21st Century (IPCC, 2007), thereby affecting the vegetation
in both natural and agro-ecosystems. Reddy et al. (1998), reported an elevated [CO2]
4

increased total plant leaf area by 72%. Studies to further the knowledge of interactions of
multiple stresses are needed to better understand early season development especially in
the area of root growth of crops such as cotton.
Multiple Stresses
As previously mentioned, [CO2] levels, UV-B radiation, and temperature are
increasing and expected to increase even further in the future. Therefore, studies are
needed to understand multiple interactive effects on early cotton seedling growth
processes. There have been some work in many single stress factors and some two stress
factors such as elevated [CO2]. According to Reddy et al. (2005), elevated [CO2]
weakened apical dominance of the cotton plant resulting in more branches per plant and
had little effects on plant height. Low temperatures can have direct inhibitory effects on
growth and yield due to reduction in growth and development processes, chilling injuries,
and delayed maturation (Bange and Milroy, 2004a). Cotton plants exposure to UV-B
radiation reduced the canopy size, internode length, leaf area expansion, and increased
the production of wax and phenolic compounds by adopting defensive or repair
mechanisms (Kakani et al., 2003; Reddy et al., 2003, 2004). Interactive studies on UV-B
and temperature reports that UV-B damage was higher on plants grown at 30°C than
plants grown at 20°C (Nedunchezhian and Kulandaivelu, 1996). Moreover, Kakani et al.
(2004) reported the early senescence of cotton leaves with exposure to UV-B radiation in
an interaction study of UV-B and CO2. Therefore, studying these interactive effects is
critical in developing appropriate management practices for future climate conditions.
Temperature tolerance of crops such as cotton can be achieved by screening for morphophysiological shoot and root traits under sub-optimal temperature treatments. According
5

to previous studies, various morphological and physiological traits have been used to
monitor responses of plants to cold temperature stresses. Currently, accurate image
analysis software such as WinRHIZO (Regent Instruments, Inc., Quebec, QC, Canada)
allows a more complete and quick root morphological and architectural measurement.
WinRHIZO is an efficient system which measures multiple parameters such as root
length, volume, diameter, surface area, forks, tips, and crossings. Although many
procedures are available for examining root morphology, selection of a fast, accurate, and
cost-effective method is important when evaluating a large number of plants. According
to a study which screened turf grass germplasm for tolerance to ectoparasitic nematodes,
Schwartz et al. (2010) reported that WinRHIZO root-scanning technology was an
efficient and effective method.
While chlorophyll meters such as the SPAD chlorophyll meter (Minolta, Japan)
were designed to be used for chlorophyll concentration of leaves, they have recently
become popular for estimating leaf nitrogen. Campbell et al. (1990) while working with
maize, noticed a correlation in leaf thickness to SPAD readings and leaf nitrogen
concentrations. Peng et al. (1993) also found similar relationship between SPAD readings
and leaf nitrogen concentrations in rice.
CottonRoot System
Cotton roots have a tap root that grows straight down from the base of the stem
deep into the soil. Tap roots can grow from 2.5 to 5 cm per day and can extend beyond
2.5 m deep into the soil. Cotton’s vast network of roots are vital in its uptake of water,
nutrients and organic compounds. Differences in roots can vary among cultivars and thus
can account for differences in overall performance of cultivars. A plant with a better root
6

system will have more available water and essential nutrients from the surrounding soil.
Root development is often a result of growing conditions, temperature, soil moisture,
bulk density all have a part in affecting root growth and development (Robertson et al.,
2007). Many studies have concluded that low soil temperatures reduce branching of
cotton roots and higher soil temperatures increased root.
We hypothesize that the genotypic tolerance of cotton to each of the three
stressors would be modified by the combined effects of stressors, and root morphology
and early seedling vigor could be used to identify tolerance among cotton cultivars during
early seedling growth stage. The overall objectives of this study were to quantify the
temperature and other factors effects on seedling emergence and early shoot and root
morphological responses of three modern cotton cultivars (DP1522 B2XF, PHY496
W3RF, and ST4747 GLB2) and the genetic cotton standard Texas Marker (TM-1) (Stelly
et al., 2005; Mujahid et al., 2016).
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CHAPTER II
TEMPERATURE EFFECTS ON COTTON SEEDLING
EMERGENCE, GROWTH, AND DEVELOPMENT

Abstract
One of the major problems facing cotton producers in the US is the establishment
of a vigorous seedling stand in early season. However, there has been little work to
investigate cotton responses particularly on temperature effects on seed germination and
seedling root growth. The objective of this study was to test the hypothesis that cotton
cultivars differ in their response to different temperatures. A molecular standard Texas
Marker (TM)-1 and three modern cotton cultivars (DP1522B2XF, PHY496W3R, and
ST4747GLB2) were sowed at five day/night temperature regimes of 20/12, 25/17, 30/22,
35/27, and 40/32 °C (day/night). Shoot and root growth parameters were measured 20
days after sowing. The small differences observed between the older molecular standard
TM-1 and the three modern cultivars in response to temperatures indicate that successive
breeding efforts did change the rate or behavior of those traits. Seedling emergence was
best described by both linear (TM-1 and PHY496W3R) and quadratic (DP1522 B2XF
and ST4747 GLB2) functions. Node numbers and root tips increased linearly with
increase in temperature, and no cultivar differences were observed for this trait. The
temperature and cotton seed emergence and pre-squaring above- and below-ground
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growth and developmental responses will be useful in assisting management and
improving functionality of many cotton models.
Introduction
Crop yield responses to climate change vary widely, depending on crop species,
cultivar, soil conditions and other location effects. Agriculture production and climate are
intimately connected, and its future is critical to regional and national economies and to
global food/fiber and energy security. In production agriculture, production managers
have many variables to consider such as: timing of rain, temperature regimes and
intensities, cultural practices, soils, and cultivar characteristics. Therefore, understanding
agricultural responses to climate change of Earth’s system is pivotal in providing decision
support for stakeholders such as farm mangers, governments, and planners to meet the
food/fiber and energy needs of growing US and world population.
Climatic conditions in the 21st century are expected to be different than those of
today. Currently, atmospheric carbon dioxide concentration [CO2] is about 400 ppm
(Dlugokencky and Tans 2016), and there is general agreement among climatic and
atmospheric scientists that the atmospheric [CO2] could be in the range of 540 to 1020
sometime in the middle or latter part of the 21st Century (IPCC, 2007) As a consequence
of increased CO2 and other greenhouse gases, average global air temperature is projected
to increase between 1.5 and 5.4ºC by the year 2100 (IPCC, 2007) with an uncertainty
range of 1.5-11ºC (Stainforth et al., 2005). Further, global warming will likely alter
synoptic weather patterns. This will likely change precipitation regimes and intensities,
and increase air and soil temperatures, thus resulting in potentially dramatic effects on
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ecosystem goods and services if environmental factors exceed the tolerance range of
species (Peters and Lovejoy, 1992).
Cotton (Gossypium spp.), produced in over 76 countries, covering more than 32
million ha across a wide range environmental conditions (Saranga et al., 2001; Bange et
al., 2016) is one of the oldest and most important fiber and oilseed crops. Growth and
yield of cotton is severely inhibited at low temperatures, especially at germination and
emergence (Ashraf, 2002). Temperature and weather conditions vary spatially and
temporally across the cotton growing areas and seasons. In the U.S., cotton is exposed to
varied temperatures during the growing season, above and below optimum temperatures.
The planting window for cotton in Mississippi typically ranges from April 27th to
May 23rd. In recent years, farmers have shown an increased interest in early planting of
cotton in hopes to capitalize on better yields and better fiber quality by being able to
harvest earlier when weather and field conditions are more favorable. Planting earlier can
translate into an earlier harvest and less risk of late season rainfall hindering harvest.
Also, chemical defoliation is generally more effective on earlier planted cotton. Seed
germination and early plant development are critical stages of crop establishment. Low
temperature is one of the critical environmental factors that limit agricultural production
of cotton world-wide. Reported cardinal temperatures for cotton growth and
development is in the range of 12 to 15°C for minimum temperature, and 20 to 30°C as
optimum temperature (Reddy et al, 1991). Temperature is the key controller of
developmental events such as plant growth rate and fruit maturation in cotton. Reduction
in growth and development processes, chilling injuries, and delayed maturation of cotton
can be attributed to low temperatures (Bange and Milroy, 2004a). Cotton seedlings
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exposed to chilling temperatures early in the season take longer to develop, have a slower
biomass accumulation, and could halt seedling emergence (Christiansen and Thomas,
1969). Soil temperature affects how a plant root system permeates the soil. Root system
development is a function of growth and development which is temperature dependent
(Kaspar and Bland, 1992). There have been many studies describing cotton growth and
development at various stages of growth. In many of those studies, the temperature
effects have been imposed following seedling emergence (Reddy et al., 1992a, 1992b,
1992c, 1993a, 1997a). There are no studies describing the effects of temperature from
seed sowing and pre-squaring developments aspects. Seed germination, emergence, and
early-season vigor are important aspects of cotton development, which play an important
role in early-season canopy development and light interception. A thorough
understanding of the early growth and development of a cotton crop is important as it
provides greater foundation for canopy development and help assist growth- and
developmental-stage dependent management strategies.
Slow early season growth in cotton may be partly due to a lack of continued
deliberate selection for faster early season growth in breeding programs. As a result,
cotton’s above-ground plant growth is slow and most of its resources are being used for
root development. This slow growth trait combined with low soil and air temperatures
during the early-season in many parts of US Cotton belt (Hodges et al., 1993; Reddy et
al., 1995) may lead to poor stand establishments and thus prone to seedling diseases. In
spite of the importance of the root architecture that determines efficient acquisition of soil
nitrogen and water, understanding of root growth and development is minimal. Therefore,
understanding more about the cotton root system during stand establishment will be
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useful in addressing the challenges of seedling establishment and cultivar survival under
adverse soil conditions such as low temperature (Lynch, 2005). Root system architecture
has been referred to as an integrative result of lateral root initiation, morphogenesis,
emergence, and growth (Dubrovsky and Forde, 2012) and thus provides key traits that
could be used to screen cultivars for survival under low temperature conditions. Thus, an
understanding of the internal and external cues that determine root architecture will lead
to the development of tools and management practices that optimize root development
with changing weather and climate conditions.
The objectives of this study were to quantify the temperature effects on seedling
emergence and early shoot and root morphological responses of three modern cotton
cultivars (DP1522 B2XF, PHY496 W3RF, and ST4747 GLB2) and the genetic cotton
standard Texas Marker (TM-1) (Stelly et al., 2005; Mujahid et al., 2016).
Materials and Methods
Soil-Plant-Atmosphere Research (SPAR) Units
The experiment was conducted in four sunlit, controlled environment chambers
known as Soil-Plant-Atmosphere-Research (SPAR) units located at the Rodney Foil Plant
Science Research Center, Mississippi State University, Mississippi State (33°28′ N,
88°47′ W), MS, USA in 2015 using five SPAR chambers. The SPAR units have the
capacity to precisely control air temperatures and chamber atmospheric carbon dioxide
concentration at predetermined set points and at near ambient levels of photosynthetically
active radiation. Each SPAR chamber consists of a steel soil bin (1 m deep by 2 m long
by 0.5 m wide) to accommodate the root system, a Plexiglas chamber (2.5 m tall by 2 m
long by 1.5 m wide) to accommodate aerial plant parts and a heating and cooling system
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connected to air ducts that pass conditioned air through the plant canopy to cause leaf
flutter.
During the experiment, incoming daily solar radiation (285–2800 nm) outside of
the SPAR units was measured with a pyranometer (Model 4-8; The Eppley Laboratory
Inc., Newport, RI) and ranged from 12.58 to 28.98 MJ m–2 d–1 with an average of 21.84 ±
1.26 MJ m–2 d–1. Variable density shade cloths, designed to simulate canopy spectral
properties and placed around the edges of the plant canopy, were adjusted regularly to
match canopy height and to eliminate the need for border plants. The SPAR units
supported by an environmental monitoring and control systems are networked to provide
automatic acquisition and storage of the data, monitored every 10 s throughout the day
and night. Details of the operations and controls of SPAR chambers have been described
by Reddy et al. (2001). The relative humidity (RH) of each chamber was monitored with
a humidity and temperature sensor (HMV 70Y, Vaisala Inc., San Jose, CA) installed in
the returning path of airline ducts. The vapor pressure deficits (VPD) in the units were
estimated from these measurements (Table 2.1) as per Murray (1967). Evapotranspiration
rates expressed on a ground area basis (L m–2 d–1) throughout the treatment period was
measured as the rate at which condensate was removed by the cooling coils at 900-s
intervals (McKinion and Hodges, 1985; Reddy et al., 2001) by measuring the mass of
water in collecting devices connected to a calibrated pressure transducer (Table 2.1).
Temperature Control
Conditioned air was passed through the chamber from top and returned to the
back of the unit at approximately 1.3 m s–1. This rate of flow was sufficient to cause leaf
flutter, reduce boundary layer resistance, and to maintain uniform temperature throughout
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the chamber. Four day/night temperatures of 20/12, 25/17, 30/22, 35/27, and 40/32°C
were imposed from seeding to the end of the experiment, 20 DAS. The temperature
control was maintained to the desired set points using hilled ethylene glycol supplied to
the cooling system via several parallel solenoid valves that were opened and closed
depending on the cooling requirements, an electrical resistance heater which provided
short pulses of heat and a fan which circulated the air through the chamber (Reddy et al.,
2001).
Five soil moisture probes (5TM Soil Moisture and Temperature Sensor, Decagon
Devices, Inc., Pullman, WA), inserted at the 15 cm soil depth from the surface in each
pot and in each temperature treatment and programmed to measure soil moisture content
at every 60 s and 15 minute averages were recorded. These data collected at 15 minute
time interval were integrated together for a day and were used in the analysis from
seeding to harvest, 20 DAT (Table 2.1).
The chamber [CO2] was measured and maintained either at 400 µmol mol−1 with
a dedicated infrared gas analyzer (LI-COR, model LI-6252, Lincoln, NE, USA) from the
gas sample that is drawn through the lines run underground from SPAR units to the field
laboratory building. Pure CO2 was supplied from a compressed gas cylinder through a
system that included a pressure regulator, solenoid and needle valves and a calibrated
flow meter (Reddy et al., 2001). To remove moisture from the gas sample, the sample
lines were run through refrigerated water (4°C) that was automatically drained and
through a column of Mg(ClO4)2. The environmental data for mean temperature and
daytime CO2 concentration are presented in Table 2.1.
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Plant Culture
Three modern cultivars from three different commercial seed companies, Delta
Pine Land (DP)1522 B2XF, PhytoGen (PHY)496W3R, and Stoneville (ST)4747GLB2
and a genetic standard, Texas Marker (TM-1), were used in the study. The fungicidetreated cotton seed were sown in polyvinyl-chloride (PVC) pots (15.2-cm in diameter and
30.5-cm in height) filled with a soil medium consisting of a 3:1 ratio of sand/top soil by
volume classified as sandy loam (87% sand, 2% clay, and 11% silt). Each pot also
contained a small hole at the bottom allowing excess water drainage and approximately
500 g of gravel at the bottom of each pot to aid in drainage. Each SPAR unit contained
24 pots with 6 pots for each cultivar, 3 pots per row. Initially, 4 seeds were planted in
each pot and after emergence the pots were thinned to 1 plant pot-1. Plants were wellwatered and fertilized with full-strength Hoagland nutrient solution (Hewitt, 1952) based
on treatment-based evapotranspiration measured daily (Reddy et al., 2001).
Measurements
Seedling Growth
Seedling emergence is defined as the point when cotyledonary leaves are
unfolded. This was recorded in each pot as the number of days from sowing to 50%
emergence. Plant heights and node numbers were measured/counted on all plants at the
final harvest, 20 DAS. Stem lengths were estimated as the distance between the
cotyledonary node and the mainstem apex. Leaf area was measured using the LI-3100
leaf area meter (LI-COR, Biosciences). Plant total dry weights (TD) including leaves,
stems, and roots were recorded after oven drying for 5 days at 75°C.
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Root Morphology
After separating the stem from individual root systems of each plant, roots were
washed by placing the pot on sieves and gently spraying with water. The cleaned
individual root systems were floated in 5 mm of water in a 0.3- by 0.2-m Plexiglas tray
and gray-scale root images were acquired according to the procedure described by
Wijewardana et al. (2015). Briefly, the roots were untangled and separated with a plastic
paintbrush to minimize root overlap. The tray was placed on top of a specialized dualscan optical scanner (Regent Instruments, Inc.), linked to a computer. Gray-scale root
images were acquired by setting the parameters to high accuracy (resolution 800 by 800
dpi). Acquired images were analyzed for root length, root surface area, average root
diameter, root volume, and number of tips, forks, and crossings using WinRHIZO Pro
software (Regent Instruments, 2009).
Statistical Analysis
The data were subjected to analysis of variance (SAS Institute, 2011) with
completely randomized design considering cotton cultivars and temperature treatments as
sources of variance. Replicated values for seed germination rate, plant height, number of
nodes, node addition rate, leaf area, leaf dry weight, stem dry weight, root dry weight,
total above-ground dry weight, total plant weight, root/shoot ratio, root length, root
surface area, root average diameter, root length per volume, root volume, root tips, root
forks, root crossings, SPAD and chlorophyll fluorescence was analyzed using one-way
ANOVA of general linear model, PROC GLM, in SAS (SAS Institute, 2011) to
determine the effect of temperature on the morphological and developmental parameters.
Data was tested for differences among the treatments for the parameters measured using
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Fisher’s protected least significant difference test at P = 0.05 and the standard errors of
the means were calculated. To determine the best-fit equations between temperature and
all plant parameters, CV and root mean square error (RMSE) were used. Graphical
analysis was carried out using SigmaPlot 13.0 (Systat Software Inc., San Jose, CA).
Results and Discussion
The range of air temperatures imposed in this study represents the temperature
variability of current and projected future climatic conditions across the US Cotton belt
(Reddy et al., 1995; Doherty et al., 2003). Temperature response functions for various
growth and developmental parameters for cotton are provided and could be used to
improve existing cotton models (Thorp et al., 2014; Reddy et al., 1997a) for early-season
development of many modern cultivars. This is the first study to address temperature
effects on seedling emergence and early-seedling growth and development, including
several root traits, for both modern upland cotton cultivars and the TM-1 cultivar (Stelly
et al., 2005). Also, comparative analysis between the modern cotton cultivars and TM-1,
will provide additional information on any improvements achieved over years in cultivar
development in response to temperature for early-season vigor.
Significant differences for air temperature, soil temperature, and cultivars were
recorded for seedling emergence rate, expressed as the reciprocal of time to 50% seedling
emergence (Table 2.2). Even though seedling emergence rate increased with temperature
in all cultivars, linear and quadratic functions best described the temperature-seedling
emergence rates in TM-1 and PHY496W3R and DP1522 B2XF and ST4747 GLB2,
respectively (Fig. 2.1). In general, across all temperature conditions, the seedling
emergence rate was slower for TM-1 and Phytogen (PHY496W3R) compared to the
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other two cotton cultivars, DP1522 B2XF and ST4747 GLB2. Small improvements in
seedling emergence response to temperature has been achieved in some cultivars over
time through breeding and selection compared to TM-1. However, seedling emergence
rate response to temperature and soil moisture conditions in many modern cotton
cultivars is needed to substantiate these conclusions.
A linear relationship was found between air and soil temperatures (Y = 9.14 +
0.6817x; R2 = 0.98), where Y and X represents soil and air temperatures, respectively, in
these air temperature controlled environment experiments (Data not presented). These
functional algorithms not only help by improving the capacity for modern cotton cultivars
for natural response management, but also could help the producers minimize the risks
associated with early spring plantings. Therefore, it is best to plant cotton according to
soil temperature opposed to calendar date. The functional algorithms provided in this
study reinforce what is being used for current planting guidelines.
Plant growth and development plays a pivotal role in crop production systems by
controlling the production rate of new leaves, the total number of leaves produced,
individual and total leaf area expansion, and plant height extension (Warrington and
Kanemasu, 1983; Baker et al., 1978). Although extensive information is available on
temperature effects on post-square development (Hesketh et al., 1972; Constable and
Rawson, 1980; Mutsaers, 1983a, 1983b; Reddy et al., 1992a, 1992b, 1992c, 1993a, 1997a,

1997b), information is limited on shoot and root morphological traits during pre-fruiting
period. Reddy et al. (1993c) and Wells and Meredith (1984) showed that modern
commercially grown cultivars have faster growth and developmental rates compared with
cultivars grown two or three decades ago. Therefore it is useful to gain a better
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understanding of the growth and development of modern cotton cultivars in response to
temperature during seedling establishment.
In this experiment, shoot growth and developmental parameters, measured 20
days after sowing, increased linearly for plant height and number of leaves per plant in all
cultivars (Fig. 2.3). Plant height increment varied among the cultivars, 1.46 cm 1°C-1 in
TM-1, DP1522 B2XF, and PHY496W3R cultivars compared to ST4747 GLB2 with 1.24
cm 1°C-1 in (Fig. 2.3A). However, there were no differences in the numbers of prefruiting nodes among the cultivars tested and node numbers increased at 0.46 per 1°C-1
(Fig. 2.3B). Whole-plant leaf area, on the other hand, increased quadratically with
increase in temperature in all cultivars, even though small, differences were recorded
among the cultivars (Table 2.2; Fig. 2.3C). Similar response relationships between
temperature and cotton stem and leaf growth and leaf developmental rates have been
reported during post-squaring period for other cotton cultivars (Reddy et al., 1992a,
1993c, 1997a). The rate of leaf development for pre-fruiting nodes varied and was slower
in all these cultivars compared to leaf developmental rates reported for the nodes between
squaring and flowering period.
Root growth and dynamics are integral parts of the crop growing system and
quantitative data in response to temperature are often limited because of lack of
equipment and analytical software. Exploration of the soil by roots has immense
implications for soil-plant-atmosphere water dynamics. Therefore some studies addressed
using other non-destructive method such mini-rhizotron systems (Bland, 1993; Reddy et
al. 1997c, 1997d; McMichael et al., 2010). However, information is not available under a
wide range of temperatures for many modern cotton cultivars. Number of root tips,
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forks, and crossings differed among the temperatures and cultivars (Table 2.2; Fig. 2.4,
2.5, 2.6). Similar to nodes, root tips increased linearly with an increase in temperature
and there were also differences among the cultivars tested (Fig. 2.4A). Linear and
quadratic functions best described the root forks (Fig. 2.4B) and crossing (Fig. 2.4C)
dynamics in response to temperature in TM-1 and PHY496W3R and DP1522 B2XF and
ST4747 GLB2, respectively. The TM-1 and PHY496W3R cultivars produced higher
numbers of forks and crossing at the two higher temperatures compared to the other
cultivars, and will perform well under higher temperatures at both present and future
warmer climates in many cotton growing areas (Doherty et al., 2003; IPCC, 2007). The
varied and less responsive results of the other two modern cultivars, DP1522 B2XF and
ST4747 GLB2, suggest that breeding for greater root growth dynamics at higher
temperatures would be beneficial and should take precedence in cotton breeding
programs.
Total root length, root surface area, root diameters, and root volume are indicators
of the root size and functions (Costa et al., 2002), and are useful parameters for nutrient
uptake efficiency and performance under varied stress conditions (McMichael et al.,
1996; Hammer et al., 2009; Rosolem et al., 1994; Wijewardana et al., 2015) (Fig. 2.5,
2.6). Root length increased linearly with an increase in temperature (292 cm 1°C-1) in all
the three modern cultivars studied. A quadratic response was observed in the TM-1
cultivar, which exhibited greater root length at the three lower temperatures and declined
at the higher temperatures tested (Fig. 2.5A, 2.6). Maximum root length of 3402 cm
plant-1 was observed at 31.8°C. Root surface area and volume showed quadratic trends
with temperature (Fig. 2.5B, C). The responses, however, were different among the
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cultivars; cultivars DP1522 B2XF and PHY496W3R showed slightly greater root surface
area and volume at the three lower temperatures with maximum values observed at
around 28-30°C and declined at the higher temperatures compared to the other two
cultivars, TM-1 and ST4747 GLB2 (Fig. 2.5B, C). The minimum temperatures for many
root traits varied between 15 and 17°C, depending on the growth parameter.
Total plant and root weights increased quadratically across the temperatures in all
cultivars. (Fig. 2.7A, B). The root and shoot ratio, on the other hand declined
quadratically with increase in temperature (Fig. 2.7C). Similar to the observations in this
study Hodges et al. (1993) also showed biomass partitioning was greater in young plants
and the percentage of biomass partitioned roots declined as plants aged. The plants at the
lower temperatures are physiologically younger than the plants at the higher
temperatures. Greater biomass partitioning at the lower temperatures might be due to
physiologically younger plants at those temperatures. Similar plant component and total
biomass responses have been observed for plants harvested at flowering and maturity
stages in Upland (Reddy et al., 1992a, 1997b) and Pima cotton (1992b) plants under
sunlit plant growth conditions.
In summary, temperature-dependent above- and below-ground growth and
developmental functions during pre-squaring period could improve the functionality of
many cotton models (Thorp et al., 2013) for field applications. The small differences
observed between TM-1 and the three modern cultivars in response to temperatures
indicate that successive breeding efforts did change the rate or behavior of those traits.
Therefore, improving early-seedling growth and developmental response to abiotic
stresses such as temperature would be beneficial in the present environment. Such
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improvements are more apparent for vigorous plant growth in future projected warmer
climates.
Table 2.1

The set treatments and measured daily mean air and soil temperature,
chamber [CO2], vapor pressure deficit (VPD) during the experimental
period for various temperature treatments of the Soil-Plant-AtmosphereResearch units located at Mississippi State, MS.

Set treatments
Day/night
temperature,
°C
20/12

Mean air
temperature,
°C
17.4 E

Measured parameters†
Mean soil
Chamber CO2
temperature, concentration,
°C
µmol mol-1
21.7 E
422

25/17

21.9 D

25.1 D

408

1.32 D

30/22

26.3 C

27.8 C

406

2.25 C

35/27

31.0 B

29.5 B

424

2.99 B

40/32

35.4 A

33.5 A
415
†Each value represents the means from 16 June to 5 July 2015.

3.81 A

25

Mean daily
VPD, kPa
0.80 E

Table 2.2

Analysis of variance across the cultivars and temperature treatments and
their interaction (cultivar by temperature) with cotton morphological
parameters measured 20 days after treatment.

Parameters
Seedling emergence rate, 1/d1

Cultivar
***

Source of variance†
Temperature Temperature * Cultivar
***
NS

Plant height, cm
**
***
NS
Nodes, no. plant-1
NS
***
NS
2
-1
Leaf area, cm plant
***
***
**
-1
Root tips, no. plant
NS
***
NS
-1
Root forks, no. plant
***
***
**
Root crossings, no. plant-1
***
***
***
Root length, cm plant-1
**
***
*
Surface area, cm2 plant-1
**
***
*
3
-1
Root volume, cm plant
**
***
*
Total dry weight, g plant-1
***
***
**
Root weight, g plant-1
*
***
**
Root to shoot ratio
*
***
NS
†The significance levels ***, **, *, and NS represent P ≤ 0.001, P ≤ 0.01, and P>0.05,
non-significant, respectively.
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Figure 2.1

Cotton seed emergence response to (A) air and (B) soil temperatures for
plants grown at optimum water and nutrient conditions.

Values are mean ± standard errors six replications for each cultivar at each of the
temperature treatment.
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Figure 2.2

Pictorial representation of temperature effects on cotton, TM-1 cultivar,
shoot growth measured 20 days after treatment.
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Figure 2.3

Temperature effects on cotton shoot morphological parameters, (A) plant
height, (B) mainstem node numbers, and (C) whole plant leaf area
measured 20 days after treatment.

Values are mean ± standard errors six replications for each cultivar at each of the
temperature treatment.
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Figure 2.4

Temperature effects on cotton root developmental parameters, (A) root tips,
(B) root forks, and (C) root crossings measured 20 days after treatment.

Values are mean ± standard errors six replications for each cultivar at each of the
temperature treatment.
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Figure 2.5

Temperature effects on cotton root growth parameters, (A) root length, (B)
root surface area, and (C) root volume measured 20 days after treatment.

Values are mean ± standard errors six replications for each cultivar at each of the
temperature treatment.
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Figure 2.6

Pictorial representation of root images for cotton plants grown at various
temperatures and harvested 20 days after treatment.
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Figure 2.7

Temperature effects on cotton shoot and root growth parameters, (A) total
dry weight, (B) root weight, and (C) root/shoot ratio measured 20 days
after treatment.

Values are mean ± standard errors six replications for each cultivar at each of the
temperature treatment.
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CHAPTER III
INTERACTIVE EFFECTS OF CARBON DIOXIDE, LOW TEMPERATURE, AND
ULTRAVIOLET-B RADIATION ON COTTON SEEDLING ROOT AND SHOOT
MORPHOLOGY AND GROWTH

Abstract
Due to projected future changes in global climate, the interactive effects of
multiple environmental stresses are predicted to have a negative effect on cotton growth
and development. The increasing risk of climatological extremes such as high CO2, UVB, and temperature fluctuations at early stages of cotton growth could result in less
vigorous plants that could intercept lower radiation. The objectives of this study were to
test the hypothesis that cotton cultivars differ in their responses to multiple environmental
factors of (CO2) [400 and 750 µmol mol−1 (+(CO2)], temperature [28/20 and 20/12°C (T)], and UV-B radiation [0 and 10 kJ m−2 d−1 (+UV-B)]. A genetic and molecular
standard (TM-1) (Stelly et al., 2005; Mujahid et al., 2016). and three modern cotton
cultivars (DP1522B2XF, PHY496W3R, and ST4747GLB2) were grown in eight sunlit,
controlled environment chambers with a control treatment of 400 µmol mol−1 [CO2],
28/21°C temperature, and 0 kJ UV-B. Results indicated significant differences among
cultivars for most measurements of shoot and root parameters. Plants grown under low
temperature alone or as a combination with +UV-B treatment increased detrimental
effects on root and shoot vigor. Although the elevated CO2 treatments weakened the
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damaging effects of higher UV-B levels on cotton growth on all cultivars, increased CO2
did not mask the negative effects of low temperature. When comparing all cultivars, TM1 produced the smallest values for most all traits under CO2, UV-B, and low temperature,
either alone or in combination with other treatments. Based on principal component
analysis, the four cultivars were classified as tolerant (DP1522B2XF), intermediate
(PHY496W3R and ST4747GLB2) and sensitive (TM-1) to multiple environmental
stresses. Low temperature was identified as the most damaging treatment to early cotton
seedling vigor while elevated CO2 caused the least. Existing variability of cotton cultivars
in response to multiple environmental stresses could allow for selection of cultivars with
the best coping ability and higher lint yield for future climate change environments.
Key words: Cotton, Climate change, winRHIZO, Principal component analysis, Stress
tolerance
Abbreviations: DAP, Days after planting; SPAR - Soil-Plant-Atmosphere-Research;
PCA, Principal component analysis.
Introduction
Crop physiologists and agronomists all over the world are interested in the
depletion of stratospheric ozone layer, increase in atmospheric CO2 concentration, and
temperature fluctuations. Over the past few decades, debate on how projected climatic
changes might affect crop production and performance has increased tremendously. The
current CO2 level of 400 µmol mol-1 is projected to further increase within the next
century, thereby affecting vegetation in both natural and agro-ecosystems. Cotton
cultivated in the US Cotton Belt already experiences UV-B radiation of 2 to 11 kJ m−2
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day−1 during the summer (Gao et al., 2010). Forecasts indicate that current levels of UVB radiation will increase by another 2-3 kJ m−2 d−1 due to the emissions of long-lived
greenhouse gasses, as well as human activities (WMO, 2011). According to National
Climatic Data Center (NOAA), the average global temperature on earth has increased by
about 1.4° F since 1880 (NOAA, 2014). Temperature fluctuations can have both direct
and indirect effects on cotton growth and development. Most studies of cotton growth
and development have focused on either single or two stress factors, and have given little
attention to aspects of cotton root morphology and early seedling vigor. Therefore,
studies are needed to understand the interactive effects these environmental factors have
on cotton early seedling growth processes for breeding cultivars adapted for future
climates.
The rise in atmospheric [CO2] is considered to have a positive effect on C3 crops,
such as cotton, due to increased rate of photosynthesis and vegetative growth (Reddy et
al., 1992, 1995). According to Reddy et al. (2005), elevated [CO2] weakened apical
dominance of the cotton plant resulting in more branches per plant and had little effect on
plant height. Moreover, elevated [CO2] increased total plant leaf area by 27% (Reddy et
al., 1998). Previous studies reported that cotton roots grown under elevated [CO2]
conditions increased the volume of tap roots, lateral roots, fine roots, root mass, and
lengths (Rogers et al., 1992b; Prior et al., 1994). Supporting this information, in a study
of cotton growth under elevated [CO2]; Reddy et al. (1994) observed an increased length
of lateral roots when compared to ambient CO2 level, but minimal effects on root
initiation and development. Previous interactive studies on cotton (Reddy et al., 1995)
and other crops (Zhao et al., 2003; Koti et al., 2005) demonstrated that elevated CO2
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levels do not alleviate the damaging effects of either higher UV-B radiation or high
temperature. However, according to recent studies, the harmful effects of drought and
higher UV-B levels were hindered under elevated CO2 treatments in maize hybrids
(Wijewardana et al., 2016). Therefore, further research is necessary to clearly understand
the interactive effects of elevated CO2 on cotton seedling growth to determine detrimental
or beneficial effects.
Cotton and all other crops cultivated between 40 °N and 40 °S latitudes are
already experiencing UV-B doses of 2–10 kJ m−2 d-1 depending on location and season
(http://www.toms.gsfc.nasa.gov/ery uv/ery uv1.html). The UV-B radiation is projected to
further increase in the future. In the US Cotton Belt, low temperatures and UV-B
radiation play a significant role in altering the growth and development during earlyseason cotton growth (Gao et al., 2010; Reddy et al. 1993, 1996). In cotton, temperature
is the key controller of developmental events, plant growth rate, and fruit maturation.
Low temperatures can have direct inhibitory effects on growth and yield due to reduction
in growth and development processes, chilling injuries, and delayed maturation (Bange
and Milroy, 2004a). Cotton seedlings exposed to chilling temperatures early in the season
take longer to develop, accumulate biomass at a slower rate, and may permanently arrest
seedling emergence (Christiansen and Thomas, 1969). Late in the season, low
temperatures may force bolls to open, thereby affecting lint fiber quality, and severely
impeding the effectiveness of chemical harvest aids at defoliation (Bange et al., 2009;
Lokhande and Reddy, 2014).
The influence of UV-B radiation on cotton growth and development has been
studied extensively. Cotton plants exposure to UV-B radiation reduced the canopy size,
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internode length, leaf area expansion, and increased the production of wax and phenolic
compounds by adopting defensive or repair mechanisms (Kakani et al., 2003; Reddy et
al., 2003, 2004). Also, UV-B radiation has been reported to alter leaf anatomy and
thickness as well as damage to reproductive processes, resulting in lower yield (Zhao et
al., 2003; Kakani et al., 2004). Interactive studies on UV-B and temperature indicated
that UV-B damage was higher on plants grown at 30°C than plants grown at 20°C
(Nedunchezhian and Kulandaivelu, 1996). Moreover, Kakani et al. (2004) reported the
early senescence of cotton leaves with exposure to UV-B radiation in an interaction study
of UV-B and CO2. Therefore, studying these interactive effects is critical in developing
appropriate management practices for future climate conditions.
The knowledge of root responses to changes in the aerial environment is essential
in understanding the cotton responses to predicted changes in climate. Numerous studies
have considered the impact of increased CO2 on cotton root growth and dynamics.
Results have suggested that cotton roots become longer, highly branched, and thicker
when exposed to high CO2 as compared to cotton roots grown in ambient air (Reddy,
2007; Prior et al., 1995). Few studies have reported the interactive effect of elevated CO2
and temperature (Reddy, 1997), and to date there is no data available on the effects of
multiple stresses including [CO2], low temperature, and UV-B on cotton root growth and
architecture during seedling growth and development. In this study, we hypothesized that
the genotypic tolerance of cotton to each of the three stressors would be modified by the
combined effects of stressors, and root morphology and early seedling vigor could be
used to identify tolerance among cotton cultivars during early seedling growth stage.
Therefore, the objectives of this study were to understand the interactive effects of CO2,
42

UV-B radiation, and low temperature on root morphology and early seedling vigor of
cotton cultivars and to classify cotton cultivars based on their tolerance to multiple
environmental stressors.
Materials and Methods
Experimental Condition and Cotton Cultivars
This study was conducted in sunlit plant growth chambers known as Soil-PlantAtmosphere-Research (SPAR) units located at the Rodney Foil Plant Science Research
facility of Mississippi State University, Mississippi State, (33°28′ N, 88°47′ W), MS,
USA. Details of the operation and control algorithms of SPAR chambers have been
described by Reddy et al. (1991, 2001, and 2004). The SPAR units are located outdoors
and have the capacity to precisely control air temperature, chamber [CO2], and soil
watering by a dedicated computer system. The Plexiglas chambers use natural solar
radiation as the light source that allow 97% of the visible solar radiation to pass without
spectral variability in absorption while blocking solar UV radiation (100% of UV-B and
88% of UV-A). Variable density shade black cloths placed around the edges of the plant
canopy are adjusted frequently to match canopy height, mimicking solar radiation
attenuation through the canopy. The conditioned air is passed through the plant canopy
with sufficient velocity (4.7 km h-1) to cause leaf flutter and is returned to the airhandling unit just above the soil level.
Fungicide treated commercial seeds from four cotton cultivars, a genetic standard
Texas Marker (TM)-1, and three modern cultivars, (Delta Pine Land (DP)1522 B2XF,
PhytoGen (PHY)496W3R, and Stoneville (ST)4747GLB2 were sown in polyvinylchloride pots (15.2 cm diameter by 30.5 cm high) filled with a soil medium consisting of
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a 3:1 of sand and top soil by volume and classified as sandy loam (87% sand, 2% clay,
and 11% silt). Each pot contained approximately 500 g of gravel at the bottom and a 6.4mm hole at the bottom to allow excess water drainage. Twenty four pots (6 pots for each
cultivar) were arranged as a completely randomized design in 8 rows with three pots per
row in each SPAR chamber. Four cotton cultivars were seeded in alternate rows. Initially,
four seeds were sown in each pot and the plants were thinned to one per pot 6 d after
emergence. Irrigation was provided for 90 s, three times a day initially, using fullstrength Hoagland’s nutrient solution (Hewitt, 1952) delivered at 08:00, 12:00, and 17:00
h through an automated and computer-controlled drip system to ensure favorable nutrient
and water conditions for plant growth.
Treatments
Initially, the chambers were maintained at 28/20°C (day/night), 400 µmol mol−1
CO2, and 0 m−2 d−1 UV-B until seedling emergence (6 days). Thereafter, each SPAR unit
was set to one of the eight treatments until 20 DAS. The treatments included
combinations of two CO2 levels of 400 µmol mol-1 and 750 µmol mol-1 (+CO2), two
levels of temperature 28/20°C and 20/12°C (-T) and two daily biologically effective UVB radiation intensities of 0 and 10 (+UV-B) kJ m-2 d-1. The control consisted of 28/20°C,
400 µmol mol-1 [CO2], and 0 kJ UV-B treatments. All treatment conditions are presented
in Table 3.1.
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Table 3.1

The set point day/night temperatures and treatments for each chamber.
Treatments
Control
-T
+UV
+CO2
+CO2 +UV
+CO2 -T
-T +UV
+CO2 –T +UV

Mean
Temperature
24.41 ± 0.15
17.50 ± 0.17
24.28 ± 0.18
24.37 ± 0.16
24.48 ± 0.18
17.59 ± 0.17
17.55 ± 0.17
17.35 ± 0.17

CO2 ppm

UVB

458.35 ± 2.08
434.24 ± 2.70
417.23 ± 2.29
737.64 ± 1.11
730.98 ± 1.32
729.42 ± 1.23
457.32 ± 2.77
740.16 ± 1.22

0 kJ
0 kJ
10 kJ
0 kJ
10 kJ
0 kJ
10 kJ
10 kJ

The chamber [CO2] was maintained either at 400 or 750 µmol mol−1 by a
dedicated infrared model LI-6252 (LI-COR Biosciences, Lincoln, NE, USA) gas
analyzer. Pure CO2 was supplied from a compressed gas cylinder through a system that
included a pressure regulator, solenoid and needle valves, and a calibrated flow meter
(Reddy et al., 2001). Air temperature in each SPAR chamber was monitored using a type
T (copper/ constantan) thermocouple connected to an Agilent Technologies 34970A data
acquisition unit (Agilent Technologies, Santa Clara, California, USA) and adjusted every
10 seconds throughout the day and maintained within ± 0.5°C of the treatment set points.
The daytime temperature began at sunrise and returned to the nighttime temperature 1 h
after sunset.
The desired UV-B treatment, 10 kJ m−2 d−1, was imposed from 6 DAP to the end
of the experiment. The anticipated UV-B radiation dosage was provided by the squarewave UV-B supplementation system under near ambient photosynthetically active
radiation (PAR). The UV-B radiation was delivered daily from 08:00 to 16:00 h by eight
fluorescent UV-313 lamps (Q-Panel Company, Cleveland, OH, USA) attached
horizontally on a metal frame inside each chamber, powered by 40 W dimmable ballasts.
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Distance from the lamps to the plant canopy was maintained at 0.5 m throughout the
experiment. The individual UV lamps were wrapped with solarized 0.07mm cellulose
diacetate film (JCS Industries Inc., La Mirada, CA, USA) to filter UV-C (<280 nm)
radiation. The UV-B radiation supplied to the top of the plant canopy was checked daily
at 08:00 h with a UVX digital radiometer (UVP, Inc., San Gabriel, CA, USA) and
calibrated against an Optronic Laboratory (Orlando, FL, USA) Model 754
Spectroradiometer, which was used initially to quantify lamp output. Cellulose diacetate
films were replaced and lamp output was adjusted as needed in order to maintain the
respective UV-B radiation levels. In the control units, unilluminated lamps and frame
were used to simulate equivalent shading. The actual UV-B radiation was measured at
three different locations, 50-cm apart in each SPAR chamber to make certain plants
received the exact UV-B dosage. The average daily biologically affective UV-B radiation
was 10 ± 0.15 kJ m−2 d−1 during the experimental period.
Measurements
Seedling Growth
The seedling emergence was recorded as the number of days from sowing to 50%
emergence in each pot. Plant heights were measured and nodes were counted on all plants
at final harvest, 20 DAP. Leaf area was measured using the LI-3100 leaf area meter (LICOR, Biosciences). Plant total dry weights (TD) including leaves, stems, and roots were
recorded after oven drying for 5 days at 75°C.
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Root Morphology
After separating the stem from individual root systems of each plant, roots were
carefully washed by placing the pot on sieves and gently spraying with water. The
cleaned individual root systems were floated in approximately 5 mm of water in a 0.3- by
0.2-m Plexiglas tray and gray-scale root images were acquired according to the procedure
described by Wijewardana et al. (2015). Roots were untangled and separated with a
plastic paintbrush to minimize root overlap. The tray was placed on top of a specialized
dual-scan optical scanner (Regent Instruments, Inc.), linked to a computer. Gray-scale
root images were acquired by setting the parameters to high accuracy resolution (800 by
800 dpi). Acquired images were analyzed for root length, root surface area, average root
diameter, root volume, and number of tips, forks, and crossings using WinRHIZO Pro
software (Regent Instruments, 2009).
Phenolics and Chlorophyll content using SPAD Meter
The UV-B absorbing compounds (Phenolics) were extracted from five 0.38 cm2
leaf discs placed in a vial with 10 mL of phenol reagent (79:20:1 V/V of methanol,
distilled water, and HCl) at 18 DAP. The vials were incubated at room temperature for 24
h in dark to allow for complete extraction of UV-B absorbing compounds. The
absorbance of these extracts from different treatments was measured using a Bio-Rad
ultraviolet/VIS spectrophotometer (Bio-Rad Laboratories) at 320 nm using phenol
reagent as the check. The content of UV-B absorbing compounds was calculated using
the equation: y = 16.05×A, where y is concentration of UV-B absorbing compounds (µg
mL−1 of extract) expressed as equivalents of p-coumaric acid and A is absorbance at 320
nm (Koti et al., 2007). The relative leaf chlorophyll content was assessed with a hand47

held chlorophyll meter, SPAD-502 (Minolta Canada Inc., Ontario, Canada). Five SPAD
readings were taken from two fully expanded leaves per plant, between 10:00 and 12:00
h.
Statistical Analyses
Data analysis for all measured and calculated variables were conducted using
ANOVA procedures in SAS (SAS Institute, 2011). The single stress factors,
combinations of two factors, and the combination of all three factors were regarded as
treatments. The data was analyzed as a complete randomized design. Fisher protected
least significant difference tests at P = 0.05 was used to test the differences among
treatments for measured parameters, and the standard errors of the mean were calculated
and presented in the figures as error bars.
Principal component analysis (PCA) was used to separate 4 cotton cultivars into
multiple stress tolerant groups. The objective of the PCA is to identify principal
variables, or factors that explain the pattern of correlations within a set of observed
variables or traits. The PCA tends to accomplish this by developing a new set of
uncorrelated variables called principal components (PC scores), thereby reducing the
number of variables. The concept of PCA and the implementation of this function to
separate cultivars into tolerant groups have been described previously for other crops
(Singh et al., 2008; Wijewardana et al., 2015, 2016).
In summary, index values for each of the seven different treatments were initially
calculated by assessing the response of each shoot, root, and physiological trait compared
to its control value. Afterwards, the summation of responses of all traits which developed
under each treatment was used as the index values for PCA analysis. The analysis was
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performed using the PRINCOMP procedure in SAS. The PCA allows seven different
index values, also known as eigenvectors and for cultivars termed as eigenvalues (PC
scores). These index values were used to identify the correlation of response variable
vectors and cultivars across the ordination space. The results were summarized in biplots
using SigmaPlot 13 (Systat Software, Inc., 2015), which are the plots of mean principal
component scores for the first two principal components. Compared to other analytical
tools, the scores plot from PCA in the data table produced a clearer grouping of the
cultivars by creating a new set of uncorrelated variables.
Results
Above-ground Traits
Elevated CO2, low temperature, and UV-B radiation as well as interaction
between CO2 and UV-B showed no significant effects on plant height. Only the
interactions of UV-B × -T (P < 0.001), and CO2×T×UV-B (P < 0.001) interactions were
significant for plant height (Table 3.2). Taller plants were observed when plants were
grown under +CO2 conditions (Fig. 3.1A). Plants grown under –T condition were the
shortest among the other treatments, either alone, or in combination with +UV-B. The
greatest reduction in plant height (56%) was observed in TM-1 while the reduction was
only 5% in DP1522B2XF compared to the plants grown in control conditions. A
significant reduction of leaf area was observed under -T condition (Fig. 3.1B). Plants
grown under elevated CO2 had significantly more leaf area than control plants. Although
increased CO2 produced more leaf area either alone or together with UV- B, it had
minimal positive effect on low temperature stressed plants. Over all the genotypes -T
alone or together with UV-B had the most negative effect on leaf area as compared to the
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plants grown under the control conditions. When the plants were subjected to all the
stressors (+CO2 -T+UV-B), the reduction of leaf areas were 78% (DP1522B2XF) to 85%
(TM-1) less than the plants grown under control conditions.
There were no significant effects of the interactions of +CO2 × -T, +UV-B × -T,
and +CO2 × +UV-B on total plant dry matter content tested. However, effects of
individual stresses on total dry matter were significant. Elevated CO2 increased total plant
dry weight by 33%, while low temperature and +UV-B decreased weight by 72% and 6%
accordingly (Fig. 3.1C). Even though [CO2] did not alleviate the negative effect of low
temperature for total dry matter in the -T treatment, elevated [CO2] treatment in
combination with UV-B treatment caused a 6% increase in total dry matter with respect
to the control (Fig. 3.1C). The highest reduction of total dry matter was observed under –
T +UV-B treatment, 75% compared to the control. The two cotton cultivars, TM-1 and
ST4747GLB2 had the least dry matter content compared to the other two cultivars under
+CO2 –T +UV-B treatment.
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The analysis of variance across the treatments of carbon dioxide concentration ([CO2]), temperature (T), UV-B
radiation (UV-B), and their interactions on cotton vegetative, physiological, and photosynthetic traits; seed
germination rate (SGR), plant height (PH), number of nodes (NOD), node addition rate (NAR), leaf area (LA), leaf
weight (LW), shoot weight (SW), root weight (RW), total dry weight (TD), root/shoot ratio (RS), root length (RL),
root surface area (RSA), root diameter (RD), root length per volume (RLV), root volume (RV), root tips (T), root
forks (F), root crossings (C), total chlorophyll (SPAD), phenolic content (PHOL).

Source of variation SGR PH

Table 3.2
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Figure 3.1

Impact of CO2 concentration (control, 400 µmol mol-1 and + CO2, 750
µmol mol-1), low temperature day/night (control, 28/20°C and -T,
20/12°C), and UV-B radiation (control, 0 and +UV-B, 10 kJ m-2d-1), and
their interactions on (A) plant height, (B) leaf area, and (C) total dry weight
for four cotton cultivars (TM-1, DP1522 B2XF, PHY496W3R, and
ST4747GLB2).

Bars indicate standard errors of the mean ± 6 replications.
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Below-ground Traits
Statistically significant reduction of root length due to low temperature was
observed among all the cotton cultivars under –T +UV-B and -T treatments. Elevated
CO2 increased total root length by 23% and 8% either alone or together with +CO2
+UV-B treatments (Fig. 3.2A). Even though the combined effect of +CO2 –T +UV-B
reduced the root length by 46% compared to the control, the greatest reduction was
observed under –T +UV-B, which was about 59%. The average reduction of root length
was 44% and 2% under –T or +UV-B treatments, whereas cultivar ST4747GLB2 had
the shortest root length under these treatments.
Growth at elevated CO2 alone significantly increased subsequent root volume
from 2% to 9% when averaged across +CO2 treatment (Fig. 3.2B). Cultivar
PHY496W3R showed the greatest increase in root volume, followed by ST4747GLB2,
under increased CO2 treatment. Low temperature significantly affected root volume
decreasing it by 40% in ST4747GLB2 and 13% in TM-1 as compared to their control
treatments. Treatments with the combination of –T and +UV-B produced a 60%
reduction of root volume when compared to the control.
Effects of low temperature on cotton cultivars varied significantly with the
number of root tips. A decrease in temperature either alone or combined with +UV-B
treatment caused a reduction in root tips (Fig. 3.2C). Under –T treatment, the reduction
of tips varied from 13% (TM-1) to 41% (ST4747GLB2), whereas –T +UV-B treatment
caused a 75% reduction in PHY496W3R and a 40% in TM-1 cultivars. Except for
DP1522B2XF cultivar, the interaction of all three stresses, +CO2 –T +UV-B, resulted in
a 31% (TM-1), 54% (PHY496W3R), and a 43% (ST4747GLB2) decrease in tips
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compared to their respective control treatments. The decrease in root tips due to
increased UV-B radiation was offset by increased CO2 for all cultivars. The cultivar
DP1522B2XF had the greatest increase for root tips (53%).
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Figure 3.2

Impact of CO2 concentration (control, 400 µmol mol-1 and + CO2, 750
µmol mol-1), low temperature day/night (control, 28/20°C and -T,
20/12°C), and UV-B radiation (control, 0 and +UV-B, 10 kJ m-2d-1), and
their interactions on (A) root length, (B) root volume, and (C) number of
tips for four cotton cultivars (TM-1, DP1522 B2XF, PHY496W3R, and
ST4747GLB2).

Bars indicate standard errors of the mean ± 6 replications.
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Physiological Traits
No significant interactions of +CO2 × –T and +UV-B × –T were observed for the
total chlorophyll at 20 DAP (Fig. 3.3A). However, either –T or +UV-B alone produced
significant (P < 0.001) reductions in total chlorophyll for any of the cultivars. Compared
with plants grown under -T, plants grown at –T +UV-B had 3% less total chlorophyll
concentration. Elevated CO2 alleviated the negative effect of +UV-B treatment and
increased chlorophyll by 3% (DP1522B2XF) to 9% (PHY496W3R) with respect to their
control treatments. Compared to the control condition, +CO2 alone produced a 10%
increase in average total chlorophyll in the three commercial cultivars as well as the
genetic standard cultivar tested. The negative effect of low temperature did not negate the
increased CO2 treatment.
A significant difference was observed for UV-B-absorbing compounds (phenolic)
under –T +UV-B +CO2 treatment. The increase in phenolic compounds with elevated
UV-B levels was offset by increased CO2 conditions (Fig. 3.3B). Except for
DP1522B2XF, CO2 individually or together with UV-B decreased the production of
phenolic compared to their respective control treatments. The –T +UV-B treatment
resulted in the greatest production of phenolic compounds compared to all other
treatments with an increase of phenolic compounds ranging from 19% in DP1522B2XF
to 55% in PHY496W3R. The UV-B treatment alone produced an average 28% increase
of phenolic content in the leaves, with the greatest increase observed in ST4747GLB2.
Among all treatments, the highest increase of phenolic compounds content in cotton
leaves was observed in TM-1.
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Figure 3.3

Impact of CO2 concentration (control, 400 µmol mol-1 and + CO2, 750
µmol mol-1), low temperature day/night (control, 28/20°C and -T,
20/12°C), and UV-B radiation (control, 0 and +UV-B, 10 kJ m-2d-1), and
their interactions on (A) SPAD, and (B) phenolic, for four cotton cultivars
(TM-1, DP1522 B2XF, PHY496W3R, and ST4747GLB2).

Bars indicate standard errors of the mean ± 6 replications.
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Classification of Cotton Cultivars
Results of the principal component analysis of treatment profiles are summarized
in Table 3.3, with the seven different treatments listed in descending order of least
harmful to most harmful effects. The PC1 was dominated by –T and –T+UV-B
explaining 72% of the variability, followed by PC2, +CO2 and +CO2+UV-B treatment for
tested cotton cultivars.
Principal component analysis separated the four cotton cultivars associated with
the shoot, root, and physiological trait responses into a tolerant, intermediate, and
sensitive group (Fig. 3.4). Over 90% of the variability could be explained using the first
two principal components as shown in Fig. 3.4. The cultivar with the largest loadings on
the X and Y axes was DP1522B2XF (loading factors; PC1and PC2, 0.2178 and 1.6606)
in the tolerant quadrant of the PCA biplot. The two cultivars, PHY496W3R and
ST4747GLB2, grouped in the intermediate category, represented higher positive loadings
for PC1 (X axis) and lesser loadings towards Y axis (PC2). The TM-1 cultivar separated
out into multiple stress sensitive category bearing the smallest loadings for both PC1 and
PC2. Despite the tolerant and sensitive cultivars showing a large variation, little
difference was observed in the PHY496W3R and ST4747GLB2 cultivars as determined
by PCA.
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Table 3.3

Principal component analysis eigenvectors of PC1, PC2, PC3, and PC4 of 4
cotton cultivars for seven different treatments and the variation accounted
by each eigenvector.
Treatments

+CO2
+UV-B+CO2
+UV-B
-T+UV-B
-T+CO2
-T+UV+CO2
-T

Eigenvectors
PC2
PC3
0.866
0.121
0.227
-0.590
0.033
0.532
0.104
0.179
-0.287
-0.412
-0.314
0.362
0.074
-0.149

PC1
0.073
0.360
0.394
0.445
0.393
0.396
0.448

PC4
0.090
0.303
0.114
0.205
0.246
0.114
-0.878

†Treatments are listed in order of top is the best for causing less harmful effects as
determined by the first principal component for the root growth and cotton seedling
vigor.
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Figure 3.4

A plot showing principal component analysis (PCA) for the first two
principal component (PC) scores, PCA1 vs. PCA2 related to the
classification of 4 cotton cultivars (solid symbols) for multiple stress
tolerance.

Cotton cultivars were classified mainly into 3 groups as tolerant, intermediate, and
sensitive depending on the contribution of all the parameters tested under each of the
treatment. One to four numbers given under each of solid circle represent the relative
ranking of each hybrid for multiple stress tolerance.
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Discussion
The main objective of this study was to identify changes in root morphology and
early shoot growth of cotton plants and the interactive effects of expected future climate
changes in low temperature, increased UV-B radiation, and elevated CO2 environments.
Though many studies have reported two factor interactions on cotton vegetative and
reproductive growth (Reddy et al., 1995, 1998, 2004; Zhao et al., 2003), no studies to
date have reported three factor interactions. Therefore, this study is very instrumental in
identifying existing genetic variation that may provide clues for developing new
cultivars, which would perform in pcurrent and projected future variable climatic
conditions. Moreover, this is the first study to investigate multiple environmental
stressors on several root and shoot morphological traits during seedling growth stages.
Vegetative growth of all cotton cultivars including root morphology traits was
negatively influenced by low temperature and increased UV-B treatment, but it was
positively influenced by elevated CO2. The [CO2] enrichment increased the total biomass
production significantly in all four cotton cultivars tested. Supportive to these findings,
Kimball and Mauney (1993) reported a 65% increase in above-ground biomass in cotton
on average, by CO2 enrichment to 650 µmol mol-1 under open-top experiments. Similar
increases in dry matter production and growth under elevated [CO2] have been observed
in soybeans (Koti et al., 2005, 2007), corn (Wijewardana et al., 2016), and cotton (Reddy
et al., 1995, 1998, 2004) in sunlit plant growth chamber conditions. The increase in
biomass may be due to modifications in phenotype, increase in leaf and stem growth
(Reddy et al., 1998), and increase in photosynthetic rates (Reddy et al., 1995, 2004). It
has been previously reported that through a wide range of temperatures favorable to
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cotton growth, increased [CO2], encouraged a higher production of carbohydrate than in
ambient [CO2] due to the reduction in photorespiration and faster carboxylation (Reddy et
al., 2005). According to Bowes (1996), the present ratio of [CO2] and [O2] causes about
35% decrease in photosynthesis of C3 plants at 25°C through O2 inhibition and
photorespiration. Additionally, he reported that [CO2] enrichment can reduce
photorespiration by 50%, which could lead to greater photosynthetic rates in C3 plants.
In the present study, enrichment of CO2 stimulated root growth while low
temperature and +UV-B, either individually or in combination, suppressed most root
traits. Previous root studies on soybeans (Rogers et al., 1992b), cotton (Prior et al., 1994;
Reddy, 1997), and sorghum (Pritchard et al., 2006) have reported significant increases in
root diameter, root length, and dry weight densities due to CO2 enrichment. Along with
scanned root images of control treatments, there is a clear evidence that genotypic
variability exists between the tolerant DP1522B2XF and sensitive TM-1 cotton cultivars
to either single, two, and three factor interactions of +UV-B, +CO2, and -T on root
growth (Fig. 3.5). Under elevated atmospheric [CO2]-enriched treatments, roots were
longer, thicker and highly branched compared to the root systems in the respective
control treatments. With respect to TM-1 (multiple stress sensitive) root system,
DP1522B2XF (multiple stress tolerant) cotton cultivar had a prolific and more abundant
root structure (Fig. 3.5) under all the treatments. This implies that compared to TM-1
cultivar, DP1522B2XF may ensure a greater absorption of accessible nutrients and water
during plant establishment. Low temperature, combined with increased UV-B radiation,
produced shorter root length and poorly branched root systems in all cultivars (Fig. 3.5).
Earlier studies reported 35-36°C (Arndt, 1945; McMichael and Burke, 1994) as the
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optimum temperature for the growth of cotton roots during the early seedling
development. Low temperature can affect growth in a number of root components such as
reduced root elongation rate, lateral root development, root branching, and root dry
matter accumulation (Kasper and Bland, 1992). Reduced import of photosynthetic
compounds from the shoots may restrict growth and development of roots under low
temperature. Sanders and Markhart (2001) reported that under that low temperatures
reductions in water and nutrient uptake in root systems, probably due to lower activities
of enzymes associated with changes in the structure of membrane lipids in cotton roots.
This will create major implications for crop performance because of the reduction in
water movement through the roots which, in turn, causes decline in photosynthesis and
thus affecting plant component dry matter accumulations.
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Figure 3.5

Representative scanned root images from single and combined stress
treatments for multiple stress tolerant DP1522B2XF and sensitive TM-1
cotton cultivars harvested at 20 d after planting.

Images represent (A and I) control condition (CO2- 400 µmol mol-1, T - 28/20°C, and
UV-B, 0 kJ m-2d-1), (B and J) +CO2 (750 µmol mol-1), (C and K) +UV-B (10 kJ m-2d-1),
(D and L) –T (20/12°C), (E and M) +CO2 + UV-B, (F and N) +CO2 – T, (G and O) +UVB – T, and (H and P) +CO2 + UV-B – T.

This study conﬁrmed previous reports (Zhao et al., 2003; Nedunchezhian and
Kulandaivelu, 1996; Mark and Tevini, 1996) in that UV-B radiation reduced the
canopy size by decreasing leaf area, stem extension, and branch length. While higher
UV-B radiation increased phenolic accumulation, total biomass production and
chlorophyll synthesis were also affected. Differences in accumulation of phenolics are
dependent on both UV-B irradiance levels and genotype (Kakani et al., 2004). The
highest amount of phenolic concentration was recorded in TM-1 leaves exposed to +UVB -T treatment and lowest was for PHY496W3R under +UV-B radiation alone. Even
though these cultivars were intermediate and sensitive with respect to multiple stresses,
they may be tolerant to increased UV-B doses. A decreased total dry weight was
observed under increased UV-B radiation. This lack of total dry matter may be attributed
to reduction in leaf area expansion, lower photosynthesis and diverting photoassimilates
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to UV-B screening compounds under increased UV-B conditions. Exposure to UV-B
radiation resulted in a loss of chlorophyll similar to that of plants exposed to low
temperature. This can be attributed to the breakdown of structural integrity of
chloroplasts (Tevini et al., 1991). Compared to other treatments, leaf chlorophyll showed
a greater reduction after exposure to elevated UV-B radiation and -T treatments. This
suggests that cotton leaves are more sensitive to +UV-B -T than treatments with
increased CO2 levels.
The CO2 enrichment increased plant height, leaf area, total dry weight, total root
length, volume, and dry weight respectively, either alone or combined with UV-B stress.
This suggests that CO2 enrichment could reduce adverse effects of increased UV-B
radiation in cotton during seedling development and growth stages. However, increased
CO2 could not offset the negative effects of low temperature. This implies that most
cotton growth and developmental events are highly sensitive to low temperature stress, as
compared to increased UV-B and CO2. Further research is needed to confirm this in
additional cotton cultivars and other crop species.
Conclusions
Low temperature was the major influencing factor on root morphology and shoot
growth of cotton cultivars. Elevated UV-B exposure and low temperature caused
significant reduction in most shoot, root and physiological parameters. This indicates that
low temperature and +UV-B could be major environmental stressors that impact cotton
growth and development during the early-season for the US Cotton Belt. The interaction
between low temperature and UV-B radiation increased the accumulation of phenolics,
the UV-B screening compounds in the leaves, and divert the photoassimilates away from
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growth. The adverse effects of +UV-B irradiance on cotton vegetative traits may be
diminished by rising atmospheric [CO2] in the predicted changing climate. Based on
principal component analysis classification, cultivar DP1522B2XF was identified as
tolerant, PHY496W3R and ST4747GLB2 as intermediate, and TM-1 as sensitive to
multiple environmental stresses. Given that genotypic differences were observed among
the cotton cultivars examined suggests that existing genetic variation may provide
opportunity for improvements in early seedling growth traits. Improved cultivars able to
withstand multiple stress environments would produce a more vigorous canopy and a
better root system which could lead to greater yield stabilization.
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CHAPTER IV
GENERAL SUMMARY AND CONCLUSIONS

Low temperatures and higher ultraviolet (UV)-B radiation affect cotton growth
and development during early-season. Year-to-year variability, along with projected
changes in climate, may amplify these effects on cotton. We hypothesized that the
modern cotton cultivars would perform better under multiple stress conditions than
earlier released cultivars. In Experiment I, seedling emergence rate and shoot and root
morphological growth traits were measured on plants grown at five day/night
temperatures of 20/12, 25/17, 30/22, 35/27, and 40/32 °C. In Experiment II, multiple
stress factors (CO2, temperature, UV-B radiation) and their interactions critical for stand
establishment were evaluated during the seedling growth stage. Seed emergence and
above- and below-ground growth and developmental traits were recorded in both
experiments. Linear (TM-1 and PHY496W3R) and quadratic (DP1522B2XF and
ST47447) functions best described seed emergence rate with an increase in temperature.
Similar responses were also observed for many root traits among the cultivars. Node
addition rate and root tips were not different among the cultivars tested and increased
linearly with temperature. The results from Experiment II showed significant differences
for the majority of shoot and root parameters. Plants grown under low temperature alone,
or as a combination with +UV-B treatment, demonstrated more detrimental effects on
root and shoot vigor. Although elevated CO2 treatments weakened the damaging effects
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of higher UV-B levels on cotton cultivars, increased CO2 did not mask the negative
effects of low temperature. The TM-1 cultivar had the lowest values for the majority of
traits under CO2, UV-B, and low temperature either alone or in combination with other
treatments. Based on vigor and principal component analysis, DP1522B2XF was
identified as the most tolerant, PHY496W3R and ST4747GLB2 as moderately tolerant,
and TM-1 as the least tolerant cultivar to multiple environmental stresses. The functional
algorithms for seed emergence and early-seedling growth will improve functionality of
cotton models for field applications. Further studies are needed to explore large number
cultivars to identify genetic differences for single/multiple stresses for early-season
planting both in the current and future climates.
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